Very large DNA molecules were separated by electrophoresis in horizontal slab gels of dilute agarose. Conditions of electrophoresis were developed using intact DNA molecules from the bacterial viruses X, T4 and G. Their DNAs have molecular weights (M) of 32 million, 120 million, and 500 million, respectively. Several electrophoresis conditions were found which give sufficiently high mobilities and large mobility differences that these DNAs are separated in a short time. Electrophoresis in 0.1% agarose at 2.5 V/cm of gel length separates TA and A DNAs by 2.0 cm, and G and T4 DNAs by 1.0 cm in only 10 hr. With some conditions DNA mobilities are directly proportional to log M for M values from 10 to 500 million. The procedures,used will allow rapid molecular weight determination and separation of very large DNA molecules.
INTRODUCTION
The DNA molecules of eukaryotic chromosomes, chloroplasts and large viruses have molecular weights of 100 million and greater. Such large DNA molecules cannot easily be separated on the basis of size. Separation by sedimentation velocity suffers from zone spreading which probably results from convection, and from the necessity of centrifuging for long periods at low centrifuge speed. At high centrifuge speeds DNA molecules exceeding 100 million daltons exhibit a marked reduction in s^ (see citations in ref. 1) . Gel electrophoresis, which has not been applied to very large DNAs, has been extremely useful for separating smaller DNA molecules (less than 10 million daltons). Duplex DNA molecules differing by a few percent in molecular weight can be resolved. A plot of log M versus electrophoretic mobility approximates a straight line with large molecules having a slower rate of migration than smaller ones. However, with the electrophoresis conditions usually employed DNA molecules with a mass above 10 million daltons migrate much faster than expected and are not well resolved.
There have been a large number of publications on the electrophoretic behavior of small, less than 25 million dalton, DNA molecules (for citations Bacteriophage G DNA has been reported to have a mass of 500 million daltons (4) . DNA was prepared from bacteriophage G particles by procedures which eliminate breakage by shear and used as a molecular weight standard. (1-2 x 10 phage/ml) was centrifuged at 27,000 x g for 30 min and the pellet containing the phage suspended with cold .01M Tris, .01M MgSO,, pH 7.4 (TM) containing 1 mg/ml bovine serum albumin (BSA). This material was incubated with 100 ug/ml RNase I for 15 min at room temperature, then 0.5-1.0 ml (containing 1-5 x 10 phage) was layered onto a cold 16 ml linear gradient of 10-35% sucrose in TM-BSA. After centrifugation in a Spinco SW27.1 rotor at 14,000 rpm for 30 min (5°), the phage were collected as part of a white diffuse band. DNA was labeled by adding 2.5 yc/ml 6-H-uracil at 0, 1 and 2 hours of infection.
MATERIALS AND METHODS
DNA was isolated from G particles by very slowly mixing 0.7 ml of phage suspension with 0.7 ml 10% sodium lauroyl sarcosinate in 0.2M EDTA, Electrophoresis• Horizontal agarose gels were formed on a glass plate in a plastic container with a raised center section separating two buffer reservoirs and electrodes. Buffer was in direct contract with the ends of the gel. Gels were 13.5 cm wide, 10 to 25 cm long and about 1.0 cm thick.
Seakem LE agarose was used for all gels except 0.1% agarose gels in which Seakem HGT(P) agarose was used to provide greater mechanical stability.
Gels consisting of less than 0.4% agarose were poured into a "box" of 1% agarose made by first pouring a 2 nun slab, then four sides 1 cm thick and 
RESULTS

Agarose Concentration and Electrophoresis Voltage
The effects of agarose concentration and electrophoresis voltage on the separation of DNAs were examined using T4 DNA, X DNA and the restriction endonuclease-generated fragments of X DNA. Figure 1 and Table 1 The expansion can be clearly seen as an increase in the X DNA/T4 DNA mobility ratio at lower agarose concentrations (Table 1 ) . This differential effect, along with the general increase in absolute mobility, greatly decreases the The data ia taken from the experiments used to make Figure 2 . All gels were 0.2% agarose. The conditions of electrophoresis were as follows: Since there was a change in voltage during the electrophoresis the mobility is an average value for the total electrophoresis period of 17 hr. The actual separations at the end of the electrophoresis were 1.5 cm for T4 and X DNAs, and 1.0 cm for G and T4 DNAs. Some skewing of the T4 and G DNA bands toward higher mobility was observed in 0.1% agarose gels. This may result from degraded DNA molecules or DNA molecules from petite virus particles found in preparations of T4 (10) and which may also occur with phage G.
The most rapid separations to date have been achieved using higher voltages with 0.1% agarose, although mobility in the high molecular weight range is nonlinear with log M of the DNA under these conditions. Figure 6 shows a photograph and tracing of a 0.1% gel (without ethidium bromide) We can estimate the size difference required to lead to detectable separation on the gels. The DNA band widths in the x gels are about one mm.
If T4 and G-size DNAs. are electrophoresed so as to be separated by two cm, molecules in this size range (120 to 500 million daltons) differing in mass by 30% (mass ratio of 1.3) should be seen as discrete bands. While this is a great improvement, DNA molecules from 1 to 10 million daltons with mass differences of only 3% can easily be separated in 0.7% agarose gels run at lV/cm for 16 hours.
The electrophoresis conditions reported here will be useful for the analysis and preparation of very large DNA molecules. Molecular weight determinations can be made in a much shorter time than required by sedimentation because rotor speed distortion of high molecular weight DNA requires long centrifugations at low speeds. Based on molecular studies (6) and the range of relative chromosomal lengths indicated by the meiotic karyotype (13), DNA molecules corresponding to most of the 17 chromosomes of the yeast Saccharo-
